A common problem in dolomite reservoirs is the heterogeneous distribution of porosity-reducing diagenetic phases. The intrasalt carbonates of the Ediacaran-Early Cambrian Ara Group in the South Oman Salt Basin represent a self-sourcing petroleum system. Depositional facies and carbonate/evaporite platform architecture are well understood, but original reservoir properties have been modified by diagenesis. Some of the carbonate reservoirs failed to produce hydrocarbons at acceptable rates, which triggered this study. The extent of primary porosity reduction by diagenetic phases was quantified using point counting. To visualize the distribution of diagenetic phases on a field scale, we constructed 2D interpolation diagenesis maps to identify patterns in cementation. The relative timing of diagenetic events was constrained based on thin-section observations and stable isotope analyses. Near-surface diagenesis is dominated by reflux-related processes, leading to porosity inversion in initial highly porous facies and a patchy distribution of early cements. This strong diagenetic overprint of primary and early diagenetic porosity by reflux-related cements leads to a reduction of stratigraphic and facies control on porosity. Calcite was identified as a burial-related cement phase that leads to an almost complete loss of intercrystalline porosity and permeability. Bitumen is an important pore-occluding phase and time marker of the deep-burial realm. The stratigraphic position of the dolomite reservoirs embedded at the base of a salt diapir had a strong impact on its diagenetic development. The salt isolated the dolomites from external fluids, leading to a closed system diagenesis and the buildup of near lithostatic fluid pressures. In combination, these processes decreased the impact of further burial diagenetic processes. The study highlights that cement distribution in salt-encased carbonate reservoirs is mainly related to early diagenetic processes but can be very heterogeneous on a field scale. Further work is needed to implement these heterogeneities in an integrated numerical reservoir model.
Introduction
Large rock inclusions totally encased in salt (so-called rafts, floaters, or stringers) occur in many evaporite basins worldwide [1, 2] . In Oman, these "stringers" constitute selfsourcing petroleum reservoirs [3] [4] [5] .
There and in other salt giants such as the European Zechstein salt basin, these rock inclusions represent a significant drilling and safety challenge because of high overpressures and salt tectonic-related deformation and fragmentation of the reservoir [1, [6] [7] [8] [9] [10] [11] . The diagenetic characteristics of salt-encased reservoirs have been studied in the Late Permian (Zechstein) of the northern Netherlands [12] , from a Jurassic clastic reservoir from the Shabwa Basin in Yemen [13] and in the Late Neoproterozoic to Early Cambrian Salt Basins of the Interior Oman [14] and the South Oman Salt Basin [3, 5, [15] [16] [17] . The latter provide diagenetic histories based on samples from different stratigraphic levels and burial depth. Our study is aimed at quantifying the diagenetic phases of a specific field-case study from the A2C reservoir level in the South Oman Salt Basin (Figures 1-3 ). Understanding the diagenetic evolution within these stringers and its relation to salt tectonic deformation and burial history is considered important for understanding the evolution of their reservoir properties. Core observations, thin sections, bitumen reflectance, and stable isotopes were used to characterize the diagenetic processes within the salt-encased carbonate reservoirs. Distribution patterns of petrophysical properties and diagenetic phases were visualized using field scale maps, giving insights into the heterogeneity of these parameters in the reservoir.
Geological Setting
The South Oman Salt Basin is one of the three Late Neoproterozoic to Early Cambrian subsurface salt basins of the interior Oman. They belong to a belt of restricted evaporitic basins, which span from Oman to Iran (Hormuz Salt) and Pakistan (Salt Range) and further to the East Himalaya [16, 18] . The western margin of the South Oman Salt Bain is represented by the "Western Deformation Front" (Figure 1 ), a structurally complex zone with transpressional characteristics [19] . The eastern margin is constituted by the so-called "Eastern Flank" (Figure 1) , a structural high [20] . The sedimentation of the Huqf Supergroup from the Late Neoproterozoic until the Early Cambrian (approximately 725-530 Ma) onto the crystalline basement represents the initial basin fill [21] . Cyclic evaporate-carbonate deposits dominate the Ediacaran to Early Cambrian Ara Group that, together with the siliciclastic Nimr Group, form the uppermost part of the Huqf Supergroup (Figure 1 ). Radiometric dating of ash beds confines the age of the Ara Group between~547 and 540 Ma, encompassing the Precambrian to Cambrian boundary [22, 23] . During deposition of the Ara Group, the basin was subdivided into three N-S trending paleogeographic domains. The Northern and Southern Carbonate Domains were separated by a deeper basin with a water depth of up to several hundred meters [16, 20] . At least six cycles of interlayered carbonates and evaporites were deposited, termed A1 to A6 (Figure 1(b) ) from bottom to top [3, 21] . Salinity increase led to the deposition of a carbonate-sulfate-halite succession, turning into a halite-sulfate-carbonate sequence during the following sea level rise and highstand [16, 24, 25] . These carbonates formed partially isolated platforms that were broken up during halokinesis and are now completely encased in evaporites. In the Southern Carbonate Domain (Figure 1(a) ), these carbonates form two geographically defined groups, the Birba and Harweel clusters (Figure 1(b) [14, 25] ). The study area (marked by the yellow rectangle) is located in the southwestern part of the South Oman Salt Basin. (b) Geochronology and lithostratigraphy were adapted from Sharland et al. [73] , Bowring et al. 2001, Allen [18] , and Al-Husseini [74] . The lithostratigraphic composite log on the right (not to scale) shows the six carbonate to evaporite sequences of the Ara Group.
of the Ara Salt varies between 10 m and 150 m in the A1 to A4 cycles and can exceed 1000 m in the halokinetically more strongly deformed A5 and A6 interval [24] . The sulfate layers encasing the 20-220 m thick carbonate units, the so-called floor and roof anhydrites ( Figures 1 and 2) , are up to 30 m thick. Bromine geochemistry of the Ara Salt [5, 24] and the presence of marine fossils within the carbonate intervals [22] clearly indicate a seawater source for the Ara evaporites. The gypsum, later transformed to anhydrite (Figure 1(b) ), formed in shallow hypersaline salinas [24] . The carbonate part of the A2 interval, the so-called A2C, of the Harweel cluster ( Figure 1(b) ), constitutes a broad isolated platform of several tens of km in width and at least several tens of meters in depositional relief [15] . The carbonate platform is composed of five sequences ( Figure 2 ; [3, 15] ) that can be grouped in a lower platform (sequences 1 and 2) and an upper backstepped platform (sequences 3-5). The marine carbonates are dominated by microbial laminites. Generally, shallow-water grainstones, thrombolites, and peritidal facies are characterized by relatively high primary porosity whereas deeper ramp and downslope mudstones show poor reservoir quality [15] . The preservation of depositional or very early diagenetic microcrystalline dolomites in microbialite facies leads to generally high intercrystalline microporosities [26] . Due to a combination of depositional and diagenetic factors, the crinkly laminites from the deeper ramp form a major reservoir facies in the A4C interval [25] but are characterized by strongly reduced porosities in other intervals [15] .
During highstands, source rocks formed in the deeper, periodically anaerobic to dysaerobic parts of the basin [16] . The existence of A-norsterane biomarkers unequivocally confirms that the hydrocarbon accumulations originate from within the Ara Group [27] . The stringer play of the South Oman Salt Basin thus represents a self-charging and selfcontained petroleum system. Subsequent deposition of continental siliciclastics mainly derived from the uplift and erosion along the Western Deformation Front on the mobile Ara Salt led to strong salt tectonic movements [28] . Differential loading formed clastic pods and salt diapirs, which led to folding and further fragmentation of the carbonate platforms into isolated stringers 
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floating in the Ara Salt ( Figure 3 ). Finite element models (FEM) indicate that only 50-100 m differential load is needed for the 1 st breakages of the stringer [8] . Early stages of halokinesis started already in the Early Cambrian with deposition of the siliciclastic Nimr Group, sourced from the uplifted basement high in the Western Deformation Front (Figure 1(a) ). The main phase of salt tectonic movements continued during the deposition of the lower part of the Haima Supergroup (Mahatta Humaid Group) until salt ridge rise could not keep pace with the massive sedimentation of the Early Ordovician Ghudun Formation. Later halokinetic movements because of reactivation of basement faults or salt dissolution were of only local importance [28] .
Materials and Methods
More than 400 samples from nine wells were used for thinsection preparation ( Figure 4 ). All thin sections were stained with Alizarin Red S to distinguish between dolomite and calcite. Ethane diol (Ethylene glycol C2H6O2 ≥ 99:5%, p.a.) was used for cooling and lubrication during thin-section preparation to prevent the solution of halite. Point counting (min. 300 points) was used to quantify sedimentary and diagenetic phases such as allochems and matrix, authigenic cement phases, and pore types. The point count error for the modal percentage of a phase in an individual thin section was calculated using the equation of van der Plas & Tobi [29] . For generation of the cement distribution maps, the cements in matrix porosities and fractures were treated separately. This dataset was combined with preexisting point counting results from the same and six additional wells ( Figure 4 ). This data and sequence stratigraphic interpretations generated by Badley Ashton were provided by Petroleum Development of Oman (PDO). Using this data, maps of the spatial distribution of permeability, porosity, and diagenetic phases were created for the entire reservoir and for each of its five sequences ( Figure 2 ). A similar workflow was presented previously by Nader et al. [30] , who suggested these spatial distribution maps as a mean to quantify reservoir heterogeneities and an important step towards the construction of integrated numerical reservoir models. All spatial distribution maps show the modal cement values as percentage of the total rock volume. Fluid inclusions were studied petrographically on standard thin sections using a fluid inclusion (FI) assemblage approach, defining the most finely discriminated event of fluid inclusion entrapment [31] . Cathodoluminescence (CL) microscopy was used were applicable to identify recrystallization or healed fractures. Fluid inclusions forming trails were generally not interpreted as primary since their paragenetic relationship is often doubtful. The system HC-1 LM was used for cathodoluminescence microscopy. Carbon and oxygen isotopes (δ 18 O, δ 13 C) were measured at the GEOMAR, Kiel (Germany). Average standard deviation based on analyses of a reference standard is <0.07‰ V-PDB or δ 18 O and <0.03‰ V-PDB for δ 13 C. The sulfur isotopes (δ 34 S) of anhydrite were measured on a Thermo Finnigan Delta Plus equipped with an Elemental Analyzer (EA-IRMS). Approximately 200 μg of finely ground sulfate was homogenously mixed with an equal amount of vanadium pentoxide and placed in a tin capsule for subsequent automated combustion and isotope measurement. Reproducibility was generally better than +/-0.3‰ V-CDT. Figure 3 : Interpretation of a seismic line crossing the study area (modified from [7] ). The position of the line is shown in Figure 4 . The formation of salt pillows and ridges is caused by passive downbuilding of the siliciclastic minibasins leading to folding and fragmentation of salt and stringers. Two generations of minibasins were identified: Minibasins of the first generation were formed during the deposition of the Nimr. A minibasin of the second generation was formed by passive downbuilding of the lower Humaid Mahatta Group.
Accuracy was monitored with lab standards and international reference materials (IAEA S1, S2, S3, NBS 127).
Bitumen reflectance analyses (min. 100 points) were performed at a magnification of 500x using a Zeiss Axio Imager microscope for incident light equipped with a tungstenhalogen lamp (12 V, 100 W), a 50x/0.85 Epiplan-NEOFLUAR oil immersion objective, and a 546 nm filter. Zeiss immersion oil (ne = 1:518; 23°C) and mineral standards of known reflectance were used for calibration. Data are processed using the DISKUS Fossil software. The corresponding vitrinite reflectance (VRr) was calculated using the linear equation of Jacob [32] . The maximum burial temperature (T peak burial ) was calculated from the VRr using the equation of Barker & Pawlewicz [33] . For further details on the applied methods, see Becker et al. [34] .
Results
The most abundant pore-reducing phases are dolomite ( ). Over the entire reservoir, dolomite cement ranges between 0 and 28.9% with an average of 4.1%. Anhydrite is slightly less abundant with a range from 0 to 12.9% and an average of 3.0%, while pore plugging solid bitumen ranges between 0 and 18.7%, with an average of 1.8%. The abundance of halite cement is highly variable with depth in core and between wells ( Figures 6-8 ). Halite cement abundance varies between 0 and 42.7%, with an average of 1.5%. Calcite cement is volumetrically only of minor importance with a range from 0 to 14.3% and an average of only 0.6%. The distribution of diagenetic phases and petrophysical properties was plotted downhole and on spatial distribution maps ( Figures 6-8 ). Nearly 66% of the matrix porosity was filled with diagenetic phases, reducing the averaged modal porosity from 14.3% (Figure 7 (d), "open+filled" matrix porosity) to 5.0% (Figure 7 (e), total modal porosity). Exemplarily, the spatial distribution maps of key diagenetic phases are shown for the entire carbonate stringer ( Figure 6 ) and sequence 5 ( Figure 7 ). Sequence 5 was selected since it is directly overlain by evaporite rocks (Figures 2 and 6 ) and therefore can be used best to investigate the influx of refluxing brines from the evaporitic sequence above. Typically, the porosity in carbonates below the evaporites is nearly completely plugged by halite and dolomite cement if their textures are permeable such as grain-/packstones and boundstones ( Figures 6, 8 (a), and 8(c)). In contrast to halite, which occurs only as a cement phase of minor importance in other wells, dolomite cement is an important porosity-reducing phase across the entire northernmost part of the field (Figures 7 and 8 ). In sequence 5, anhydrite predominantly reduces the porosity along a north-south trend below the Haima pod ( Figure 8 ). The permeability for a given porosity is generally high, where vuggy pores dominate the pore system indicating that the vugs are at least partially connected ( Figures 6-8 ). Despite its low abundance, calcite cement can have a strong influence on permeability, since it often completely occludes the intercrystalline pores of the dolomite matrix (Figures 5(f) and 6). Cross-cutting relationships between diagenetic phases were used to reconstruct the relative timing of diagenetic events, [31] , indicating a near-surface origin. This type of fluid inclusion assemblage was exclusively found in some halite cements. The most important paragenetic markers used bedding parallel stylolites ( Figure 5(g) ), which define the onset of intermediate burial diagenesis [35] . Stylolites forming a high angle with respect to bedding are tectonically induced ) and are interpreted to have formed during salt tectonic deformation [8] . The deep burial realm denotes the broad field of diagenetic alterations beginning with hydrocarbon generation [35] and is indicated by inclusion of angular fragments of solid bitumen ( Figure 5 Reservoir bitumen was observed in different textural positions: as pore-filling phase in intercrystalline and vuggy pores, as lining around anhydrite nodules and anhydrite-/calcite-filled pores, and as fracture-filling phase in microfractures. The reflectance measurements have shown that the position has only a negligible impact on the bitumen reflectance.
Average maximum burial temperatures of 128 + 12°C (1s, n = 30) were calculated from the bitumen reflectance, which fit well with basin modeling results for the study area (Table 1; Figure 10 ; [34] ). Most samples show maximum Figure 10 ). Carbon and oxygen isotopes of 128 carbonate samples were measured ( Figure 11 ). For dolomite, the mean δ 13 C is 2:1 + 1:0‰ V-PDB and the mean δ 18 O is −2:4 + 1:0‰ V-PDB (1s; n = 124). The carbon isotope values for dolomite cements and matrix largely overlap, with a tendency towards lighter δ 13 
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Diagenetic Processes and Fluid
Composition in the Near-Surface Diagenetic Realm. Carbonate facies of the Ara Group are thought to be microbially influenced, except for some packstones to grainstones [15, 26] . Mettraux et al. [36, 37] describe microbial fossils from calcitic and dolomitic Ara Group carbonates exposed in a salt dome in central Oman and argue that the fine crystalline matrix dolomite is of primary, microbial origin. The dolomitic matrix in the studied reservoirs is also very fine crystalline and preserves high microporosity [26] .
In most of the studied reservoirs, dolomite is the dominant lithology, whereas limestone is nearly exclusively present in thrombolitic facies. The fact that clastic-textured grainstone-packstones are almost invariably dolomitized [15] indicates that dolomitization is not restricted to microbial facies. However, microbially mediated dolomite precipitation might have occurred in the microbial-influenced facies [26] and could have acted as seeds for later reflux-related dolomitization [38] .
The earliest clearly diagenetic products are micritic envelopes around allochems often coated by isopachous rims of bladed cement (Figure 5(a) ). Micritized allochems most likely were formed by boring algae and/or fungi ( Figure 5(a) ; [39] ), in normal marine seawater during early marine diagenesis. Calcite crystals filling growth framework porosity in thrombolites often show a fan-like shape and are interpreted as early marine cement or a replacement of possibly aragonitic, botryoidal cement. Similar early marine cementation has been described by Mettraux et al. [36, 37] for time-equivalent carbonates exposed in a salt dome in central Oman.
The top of sequence 2 and associated breccias were interpreted as subaerial exposure surface (Figure 2, [15] ). Diagenetic textures which could be unequivocally attributed to meteoric diagenesis have not been identified in thin-section or isotope data, but vuggy pores interpreted as meteoric dissolution have been reported from other wells within the Harweel cluster [15] .
Dolomite, anhydrite, and halite cements are important diagenetic products which are interpreted to be of reflux origin ( [5] ; Figures 6-8 and 13 ). One-phase aqueous fluid inclusions in halite cements devoid of oil or bitumen inclusions support a formation in the near-surface realm at temperature below~50°C [31] . All reflux-related phases can very precisely be linked to the burial graph since reflux effectively ends when the stringers are sealed by an overlying rock salt layer that typically becomes impermeable if its thickness exceeds 30 m (Figure 1(b) ; [5, 40] ). Reflux dolomitization by Mg 2+ -rich brines is often assumed for evaporite-associated carbonate platforms [41] [42] [43] [44] . During reflux dolomitization, the precursor limestone is first replaced by dolomite followed by precipitation of dolomite cements, a process known as overdolomitization [45] . Both types of dolomite, replacive dolomite and dolomite cements that clearly postdates the replacive dolomites ( Figure 5(b) ), were observed within the studied wells. Matrix dolomite shows generally dull luminescence in contrast to the bright luminescent dolomite cements ( Figure 5(b) ). Ongoing evaporation leads to increasing Tectonic
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Early marine cements 10 Geofluids salinity of the seawater and refluxing brines and hence, during further near-surface diagenesis, to an increased precipitation of evaporitic minerals within the remaining pore space [46] . An early phase of anhydrite cementation/replacement is indicated by compactional drapes around some anhydrite nodules ( Figure 5(c) ) indicating that these nodules have formed prior to the end of physical compaction. The sulfate source for the formation of diagenetic anhydrite can be constrained using sulfur isotope values. The measured sulfur isotope values of diagenetic anhydrite ( Figure 12 ) largely overlap with the sulfur isotope values of sedimentary sulfates of the Ara Group that cluster between 38 and 44‰ V-CDT, with individual excursions down to~32 V-CDT [17, 47] . This relatively high total range is attributed to local processes in the partly restricted basin [17, 47, 48] . Generally, the higher sulfur isotope values in the roof and floor anhydrites are thought to represent times of increased basin restriction [47] . Lower sulfur isotope values characterize periods of freshening, with partial oxidation of sulfides during times of initial basin flooding [47] . The similar δ 34 S isotope values in sedimentary sulfates and diagenetic anhydrite phases suggest that the sulfate-rich fluids were sourced from the bounding anhydrite units, either during reflux or later gypsum to anhydrite transformation. The floor and roof anhydrites originally were deposited as gypsum [17] . Up to 40 vol% of structural bound water is expelled during recrystallization from gypsum to anhydrite, which likely takes place in burial depth of less than 250 m [49, 50] . The escaping water is oversaturated with respect to CaSO 4 [51] and might have led to a second pulse of anhydrite cementation and replacement during shallow burial.
Spatial Distribution of Reflux-Related Cements.
The degree of dolomite cementation is known to increase towards the entry point of refluxing brines [44] . The strongest dolomite cementation within the uppermost carbonate sequence was found in the north-eastern part of the carbonate platform where initially highly porous facies could have acted 6 and 8) . The pattern is shown exemplarily for one well where initially highly porous packstones and microbialites below the evaporites are nearly completely plugged by reflux-related cement phases, such as halite and to a lesser degree dolomite ( Figure 6 ). The underlying low permeable mudstones are in contrast devoid of halite cements ( Figure 6 ). The minor halite cementation below Figure 11 : Oxygen and carbon isotope values of carbonates. Green square: assumed primary isotope ratios of the latest Neoproterozoic carbonates. Carbon isotopic composition is based on the latest Neoproterozoic carbonate samples [75] . Oxygen isotopic composition is based on Cenozoic carbonates [76] assuming that δ 18 O values of Neoproterozoic seawater were similar to the Cenozoic ocean [57, 76] . Dolomite samples from modern sabkha environments range from 0 to 4 permil [77] . 12 Geofluids might indicate that the mudstone layer might have acted as a vertical barrier that redirected the refluxing brines from a vertical flow into a more lateral flow along high permeable facies, which likely might have sheltered the underlying sequences from a reflux-related cementation from above. Replacement of the precursor limestone by dolomite can be expressed by the formula [52] 
Reactive transport models suggest that the released Ca 2+ ions lead to an increased anhydrite cementation in facies basinward of the dolomitization front, whereas subsequent dolomite cementation close to the source of nearly halitesaturated brines will lead to anhydrite dissolution [43, 53] , possibly by removal of Ca 2+ from the pore water. These modeling results are broadly consistent with the observed spatial distribution of diagenetic phases (Figures 5 and 8) . The spatial distribution patterns found in the uppermost sequence indicate that anhydrite cement predominantly reduces the porosity along a north-south trend below the Haima pod (Figure 8 ) whereas dolomite and halite cementation preferentially occurred in the north-eastern part of the carbonate platform close to the interpreted entry point of the refluxing brines. For the complete stringer, the spatial relation between different reflux-related cements seems to be more complex and difficult to predict (Figure 7) . This is likely the result of multiple entry points for the refluxing brines in these basin-wide evaporites, which is in stark contrast to platforms where evaporites are limited to the restricted inner platform area.
Diagenetic Processes and Fluid Composition during
Intermediate Burial. Sedimentation of thick evaporite units of the Ara Group led to a rapid burial of the carbonate platform during the Late Neoproterozoic and Early Cambrian. Bedding parallel stylolites are commonly thought to form in a minimum burial depth of around 500-1000 m in dolomite ( Figure 12 ; [54, 55] ) and are therefore used as markers for the onset of intermediate burial diagenesis [35] . Cooccurrence of anhydrite and calcite cements in tension gashes associated with bedding parallel stylolites indicates that anhydrite cementation continued into the burial realm ( Figure 5(g) ). The close association of many calcite cements to stylolites also suggests a burial origin. Calcite cements occlude the intercrystalline pore space ( Figure 5(g) ) of the dolomite matrix and therefore contribute to porosity reduction ( Figure 6 ). This reprecipitation of carbonate dissolved along stylolites as calcite cement seems to be a common process within carbonate reservoirs [56] .
The burial origin of calcite cement is also supported by its oxygen and carbon isotope values, displaying a typical burial trend to depleted δ 18 O and slightly depleted δ 13 C values in calcite cements relative to the assumed primary isotopic signature of the latest Neoproterozoic carbonates (Figure 11 ). Recrystallization or precipitation under increasing temperatures during progressive burial shifts the δ 18 O ratio towards more negative values. Dolomite shows a similar but less pronounced shift in δ 18 Figure 12 : Sulfur isotope values. Grey rectangle indicates the typical sulfur isotope signal of sedimentary sulfate embedding the carbonate intervals within the Ara Group [17, 47] . 13 Geofluids presence of a geothermal gradient during burial [57] . Recrystallization and chemical compaction affected the calcite matrix to a larger extent compared to the dolomite matrix leading to a near complete porosity reduction in limestone due to the formation of an anhedral crystal mosaic [26] . This is supported by clumped isotope measurements for the studied stringer indicating a mean recrystallization temperature of~90°C, with somewhat higher temperatures for calcite than for dolomite for the complete Ara Group [57] . In accordance with Bergmann et al. [57] , the relatively narrow range of measured oxygen isotopes for the A2C in this study confirms that the recrystallization took place in a closed system, rockbuffered diagenetic environment with low water to rock ratios during burial. The limited shift in δ 13 C values in most calcite and dolomite samples implies the incorporation of organically derived CO 2 from kerogen breakdown during Age (Ma)  500  450  400  350  300  250  200  150  100  50   Cm  O  S  D  C  P  Tr  J  K  Pal N   Pre-IBD  NSD  Deep burial diagenesis Post-salt tectonics Salt Tect.
Diagenetic zone
Salt tectonic deformat. Figure 13 : Summary of diagenetic processes and burial graph for the A2C reservoir (modified from [34] ). Numbers refer to important steps in the diagenetic history of the Ara carbonate stringer. Note that all important developments happened during the first~50 Ma of burial. NSD: near-surface diagenesis; IBD: intermediate burial diagenesis. Please note that maximum burial temperatures were just below the typical temperature threshold for thermochemical sulfate reduction (TSR). The relatively low maximum temperatures relative to the burial depth are at least partially due to the high thermal conductivity of halite. 14 
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burial. Subsequent deposition of continental siliciclastics on the mobile Ara Salt led to a rapid burial as well as to strong salt tectonic movements (Figures 3 and 13 ; [28] ). Differential loading formed clastic pods and salt diapirs, which led to folding and fragmentation of the carbonate platforms into isolated stringers floating in the Ara Salt. Finite element models (FEM) indicate that only 50-100 m differential load is needed to form fractures within the stringers (Figure 13; [8] ). Anhydrite-cemented veins formed predominantly around the minibasin in the center of the study area [34] . These veins often postdate bedding parallel stylolites but are cross-cut by vertical stylolites that are interpreted to have formed during salt tectonic folding of the stringer (Figure 13 ). These fractures therefore have most likely formed during intermediate burial before the end of halokinetic deformation ( Figure 6 ) at~500 Ma [28] .
Diagenetic Processes and Fluid Composition during Deep
Burial. The first significant hydrocarbon generation denotes the broad field of diagenetic alterations of the deep burial realm [35] . Understanding the timing of first oil charge hence is of importance to link the paragenetic sequence to the burial and temperature history. For the entire study area, the averaged maximum burial temperature is 128°C, exceeding the present-day BHT at this depth by 20°C. Assuming the present-day geothermal gradient of 19°C/km, the maximum burial depth was~1000 m higher than at present. However, a calculation based on the present-day geothermal gradient (Scholten 2009, pers. comm.) might overestimate the maximum burial depth, since the Cenozoic heat flow in the South Oman was exceptionally low [58] . The onset of first oil generation was determined using the classification of Pepper & Corvi [59] . They determined for aquatic-marine carbonates/evaporites (equivalent with IFP-kerogen type II ′ S ′ ) the lower limit (95°C) and the upper limit (135°C) of the oil window. Notice that the assumed kerogen-type of Pepper & Corvi [59] conforms with the geochemical data of Schoenherr [60] and Grosjean et al. [27] , who determined preferentially kerogen type II (oil) and also kerogen type III (gas). The temperature history of the study area indicates that the reservoir reached the oil window during the initial sedimentation of the Amin Group (~520 Ma; Figure 13 ). Hence, the first oil was generated during halokinesis. Subsequently, the reservoirs remain in the temperature range close to the lower limit of the oil window. The volumetrically most important diagenetic phase that formed during deep burial is reservoir bitumen, which reduces the porosity in intercrystalline/particle and vuggy pores but locally also in fracture porosity and can be used as an important time marker in a paragenetic sequence (Figures 5(f) and 5(h)). Reservoir bitumen can form through a range of processes including bacterial sulfate reduction [61] , thermochemical sulfate reduction (TSR; [42, 61] ), gas deasphalting [62] , biodegradation [63] , pressure and temperature reduction [64] , in-reservoir oil mixing [65] , or thermal alteration [62] .
Grosjean [27] has shown that the biomarkers within the stringer oils show no evidence for biodegradation. Thermal cracking also seems to be of minor importance since Pepper & Corvi [59] have shown that the threshold of thermal crack-ing within aquatic-marine carbonates/evaporites is >155°C. Neither the temperature history ( Figure 13 ) nor the maximum burial temperatures calculated from bitumen reflectance measurements ( Figure 10 ) point to temperatures > 155°C. In-reservoir oil mixing seems to be an implausible process since a mixing of crude oils from multiple source rocks [65] can be excluded due to the sealing of the stringers by rock salt. A charge of gaseous components from other source rock is needed for gas deasphalting, which can also be excluded due to the reason mentioned before. Temperatures between 100 and 140°C are thought to be necessary for the generation of thermochemical sulfate reduction [61] . The maximum burial temperatures of around 125°, derived from bitumen reflectance data (Figure 7) for the Ara carbonates, are within this range. However, the shortage of samples with negative carbon isotope values (Figure 8 ), the lack of calcitized anhydrite nodules, and the scarcity of anhydrite molds indicate that no significant sulfate reduction took place in the studied reservoir during burial [61, 66] . This is consistent with the finding from several other carbonateevaporite basins, where thermochemical sulfate reduction initiated at minimum temperatures above 125°C [42, 66, 67] . The temperatures therefore remained below the threshold necessary for TSR in the South Oman Salt Basin despite a maximum burial of close to 6 km. This can at least in part be attributed to the high thermal conductivity of salt, which leads to a relative cooling at and below the base of salt diapirs [68] .
The most likely process leading to the formation of reservoir bitumen in our study area is a rapid pressure reduction. Taylor et al. [69] argue that gas-condensate accumulations in Ara reservoirs originate from former oil phases that were subjected to a rapid change from litho-to hydrostatic pressures. Kukla et al. [7] proposed that such a pressure deflation event would have affected oil-bearing carbonate stringers in the terminal salt tectonic phase, when the overpressured reservoirs came in contact to the siliciclastic minibasins (Figures 3 and 13 ). In addition, the burial graph of the A2C reservoir indicates several uplift events in postsalt tectonic times most likely leading to further pressure and temperature drops ( [70] ; Figure 13 ). Therefore, it cannot be excluded that further reservoir bitumen was also formed in postsalt tectonic times. Evidence for external hydrothermal fluids with temperatures up to 380°derived from deeper presalt strata, which entered the intrasalt carbonates during times of basement activity, as observed by Schoenherr et al. [5] for the A3C interval, are not indicated by bitumen reflectance measurements measured within this study (Figure 7) . Late diagenetic porosity formation that can be associated with hydrothermal processes in evaporate-associated carbonates [42, 71] is also absent from the studied reservoirs.
Based on the knowledge on the process and timing of reservoir bitumen formation, the paragenetic sequence can be better constrained. Calcite and anhydrite cementation started in the intermediate burial realm but continued in the deep burial realm during oil charge, as indicated by inclusions of liquid oil and bitumen within these cement phases. Round oil inclusions, angular fragments of reservoir bitumen, and reservoir-cemented dolomite fragments in many of the halite cements ( Figure 5(h) ) indicate that partial dissolution and 15 Geofluids reprecipitation of halite cement occurred in the deep burial realm. A similar phase of dissolution and reprecipitation of halite cement was already observed for the A1C of the Harweel area by Schoenherr et al. [5] . Similar extensive deep burial halite cementation was described from the Late Permian (Zechstein) salt basin of central Europe. The halite-saturated fluids in this case are thought to be derived from dewatering of the underlying salt deposits or alternatively the mobilization of fluids during halokinesis [72] . Conditions suitable for solid bitumen formation were reached only during the end of the salt tectonic phase (Figure 13 ). However, halite solubility also increases with temperature and pressure [68] . Late halite cementation in the deep burial realm therefore could be explained by partial dissolution of early halite cement due to temperature and pressure increase during the rapid burial and reprecipitation associated with the temperate and pressure drop during uplift events (Figure 13 ).
Conclusions
The studied Neoproterozoic Ara Formation carbonate reservoir shows a relatively "simple" diagenetic history, despite its age and salt tectonic deformation. Changes in fluid chemistry from normal marine seawater to halite-saturated, Mg-rich brines during near-surface diagenesis determined to a large extent the porosity development within the reservoir. This successive change in fluid chemistry is typical for many evaporite basins and the presented diagenetic sequence therefore will also by characteristic for other carbonate-evaporite associations worldwide. Porosity reduction by marine cementation is generally minor and restricted to pack-/grainstones. Reflux-related dolomitization led to the formation of porosity that was successively reduced by dolomite, anhydrite, and halite cements during continued reflux. Precipitation of dolomite cement reduces the concentration of Ca 2+ in the pore water and therefore might have led to dissolution of sulfate phases close to the entry points of refluxing brines, an observation that is consistent with reactive transport models of reflux dolomitization. However, in classical reflux dolomitization models, the source of the refluxing brines commonly is the restricted platform interior and the extent of reflux cementation decreases away from this source. In the case of basin-wide evaporites covering the entire carbonate reservoirs, the source of refluxing brines is not restricted to the platform interior. In the study area, the distribution of these reflux-related cements is therefore patchy and difficult to predict but is concentrated along facies that acted as high-permeable fluid pathways. Cementation by refluxrelated cements considerably reduced the initial porosity in these originally highly porous facies. This interaction of facies and diagenetic effects locally led to porosity inversion and a lack of facies control on reservoir properties. Within tens of meters of burial, the reservoir was effectively closed for external fluids but likely received a pulse of anhydritesaturated water due to gypsum to anhydrite dewatering before the onset of stylolitization. Rapid sedimentation of siliciclastic sediment led to the formation of minibasins and breakage of stringers due to halokinetic movements. The main diagenetic events in the burial realm are calcite cemen-tation related to stylolites and solid bitumen formation. A rapid pressure drop from litho-to hydrostatic conditions during the final phase of halokinesis likely contributed to the generation of reservoir bitumen and further porosity reduction. Processes with the potential to contribute porosity, such as thermochemical sulfate reduction or hydrothermal alteration, were suggested for other parts of the South Oman Salt Basin but could not be confirmed for the studied reservoir. The reservoirs experienced its maximum burial temperature around 125°C close to the end of halokinesis in the Early Ordovician. Diagenetic processes important for the reservoir development took place in the first~50 Ma after sedimentation, whereas later diagenetic events likely are restricted to stylolitization and local redistribution of evaporite cements. Overall, the strong diagenetic overprint of primary and early diagenetic porosity by reflux-related cements leads to a reduction of stratigraphic and facies control on porosity. 2D interpolation diagenesis maps help to quantify and visualize this interaction of primary facies and diagenetic control on petrophysical properties and can provide the first step in assessing reservoir heterogeneity on a field scale.
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